The phenomenon of embrittlement of polycrystalline silver (Ag) by liquid gallium (Ga) is known as liquid metal embrittlement (LME). An investigation was performed to determine the effects of holding the solid metal in contact with liquid Ga on the embrittlement. Solid Ag specimens in contact with liquid Ga were placed in a furnace at 308573 K for different time periods before testing at 308 K. The specimens undergo severe embrittlement when the holding time is short, whereas ductility is recovered when the holding time is long. The duration of brittleness decreases with increase in furnace temperature, and it is proportional to the amount of Ga on the surface. The brittle to ductile transition is considered to occur during the formation process of an intermetallic Ga and Ag compound.
Introduction
Normally ductile metals become brittle when they are stressed by intimate contact with certain liquid metals. This phenomenon is called liquid metal induced embrittlement (LME). Various solid and liquid metal pairs are known to undergo LME.
1) LME has several characteristics: 2) (1) LME occurs only in some solid and liquid metal pairs. This is called selectivity. The solid and liquid metal pairs which undergo LME are listed in reference.
1) (2) LME occurs immediately after the liquid and solid metals come in contact. (3) LME occurs only in a certain temperature range. This temperature range is called ductility trough. The lowest temperature at which LME occurs is in most cases the melting temperature of the liquid metal.
Since embrittlement is thought to occur immediately after the metals come into contact with each other, its time dependency has not been widely studied. For some LME pairs, such as polycrystalline Al-liquid Ga and polycrystalline Ag-liquid Hg, the solid metal remains brittle even after the liquid metal is removed from the surface when the contact time is sufficiently long.
3) The degree of embrittlement (i.e., the decrease in the tensile strength and the fracture strain) increases logarithmically with the contact time after incubation. In these pairs, the liquid metal atoms penetrate into the grain boundaries of the solid metal and weaken the solid metal. Transmission electron microscopy (TEM), 46) X-ray microtomography, 7) and radioactive tracer studies 8, 9) have revealed that liquid Ga atoms penetrate the grain boundaries of polycrystalline Al. The penetration velocity is estimated to range to several µm/s in the AlGa pair.
The penetration of Ga into Ag specimens was suggested by Glickman et al., 10) who estimated the penetration rate to be 1 © 10 ¹9 m·s ¹1 , which is three orders of magnitude slower than the rate of penetration of Ga atoms into Al. The phase diagram of the AlGa system is a simple eutectic, whereas the phase diagram of the AgGa system is more complicated. Two intermetallic compound phases, i.e., Ag 3 Ga 2 and ¦ A, are reported to exist below 710 K. 11, 12) The ¦ A phase exists in the concentration range 2533 at% of Ga. At the limit of the stoichiometric value, Ag 2 Ga is formed.
In our preliminary experiments, 13) we have shown that LME of the polycrystalline Ag-liquid Ga pair depends strongly on the contact time. In the present paper, we report the contact time and temperature dependence in detail and elucidate the effects of the formation of intermetallic compounds and slow penetration on the LME of this pair.
Experimental
Tensile specimens were cut from polycrystalline Ag plates (99.98% purity) via electrical discharge machining. The specimen geometry is shown in Fig. 1 . After mechanical polishing, the specimens were annealed at 1073 K for 2 h. The average grain size of the specimens was 0.4 mm. A small quantity of Ga saturated with Ag at 308 K was spread over the surface of the specimen to fully cover one of the four faces of the gauge section with Ga. To ensure contact between the solid specimen and the liquid, the surface covered with liquid Ga was scratched with a needle. The weight of Ga was usually 10 mg; however, 5 mg of Ga was used in some experiments. After leaving the specimen in a furnace at a specific temperature, T h , for different holding times, t h , the specimen was immersed in liquid nitrogen to freeze the surface Ga. The T h was 308, 373, 473, or 573 K. The specimen, which was held below the melting temperature of Ga (303 K), was then placed in the tensile test machine. Tensile testing was carried out at a constant strain rate of 1.2 © 10 ¹2 s ¹1 in ethyl alcohol at 308 K. Fig. 1 Dimensions of the 2 mm thick tensile specimens.
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Corresponding author, E-mail: koizumi@isc.meiji.ac.jp For some of the specimens, superficial Ga was mechanically removed using emery paper before testing. Dilute sulfuric acid was used to remove the liquid Ga from the fracture surface. Figure 2 shows the typical stressstrain curves of the specimens left in the furnace at T h of 308, 373, 473, and 573 K for the t h values indicated in the plots. For these experiments, 10 mg of liquid Ga was used, and the tensile tests were performed without removing the Ga. The data in each figure were obtained using specimens made from a single Ag plate; however, specimens made from different plates were used for different T h values, which led to a slight deviation in the stressstrain curves of the specimens without Ga. All plots in Fig. 2 show the typical LME behavior in the Ag specimens when t h was small, i.e., the tensile strength and fracture strain were significantly reduced. When t h was long, both the tensile strength and fracture strain increased, showing recovery of ductility.
Results
In Fig. 3 , the tensile strength, · TS , and the fracture strain, ¾ F , are shown as a function of t h . When the specimens were brittle, the tensile strength reduced to 1/4 of that of the specimens without Ga, while the fracture strain reduced to about 10% of that of the specimens without Ga. After the recovery of ductility, both the tensile strength and the fracture strain were nearly identical to that of the specimens without Ga. The transition from brittle to ductile occurred in a short time period. The time required to recover ductility was short when T h was high. In Fig. 3(d) , the crosses indicate the tensile strength and the fracture strain of the specimens with 5 mg of Ga. The recovery time was reduced by half when compared to that of specimens with 10 mg of Ga.
The fracture surfaces of the specimens treated at 373 K are shown in Fig. 4 . When t h was small, the fracture surface was covered with liquid Ga, which flowed onto the fracture surface from the side surface of the specimen (Fig. 4(a) ). An intergranular fracture surface is evident after the superficial Ga was removed using dilute sulfuric acid (Fig. 4(b) ).
When the value of t h was 73.8 ks, an intergranular fracture surface was visible without any surface treatment (Fig. 4(c) ) despite a significant reduction in the maximum stress and fracture strain, as observed in the stressstrain curve ( Fig. 2(b) ). Figure 4(d) shows a magnified micrograph acquired near the surface coated with Ga. At the surface, a thin layer (³0.1 mm thick) was formed, which consisted of grains of sizes ranging between 0.1 and 10 µm, depending on the furnace temperature. The scanning electron microscopyenergy dispersive X-ray spectroscopy (SEM-EDS) analysis indicated a strong Ga signal from this small-grain layer alone. For specimens with a t h of 81.0 ks, a terraced fracture surface consisting of the small-grain layer was observed near the Ga-coated surface; whereas, the other region comprised of a typical ductile fracture surface.
The small-grain layer was also observed in specimens with different values of T h . The thickness of this layer, ¦L, as a function of t h is shown in Fig. 5 . It increased proportionally with t h , and the rate of increase is greater at higher T h . Figure 6 shows the stressstrain curves of the specimens held at 573 K for 1.8 ks, which were tested after several surface treatments. When the superficial Ga was removed using emery paper, the specimen failed in a brittle manner (curve b) similar to the specimen stressed with Ga on the surface (curve a). If the small-grain layer was removed completely using emery paper before the tensile test, the stressstrain curve showed ductile behavior (curve d), whereas imperfect recovery of ductility was observed when half the small-grain layer was removed (curve c). An X-ray diffraction pattern of the surface of Ag specimens covered with a small quantity of liquid Ga that were placed in a furnace at 473 K for 24 h is shown in Fig. 7 . The Cu K¡ radiation was used. The pattern is very similar to that of the ¦ A phase. 14) This suggests that the Ga atoms easily formed an intermetallic ¦ A phase with Ag, and that the recovery of ductility was caused during the conversion of liquid Ga into the intermetallic compound. 
Discussion
Polycrystalline Ag is embrittled by surface contact with liquid Ga. Figure 3 clearly shows that this embrittlement is transitory. When t h is short, the intergranular fracture surface is covered with liquid Ga, as shown in Fig. 4(a) . With increase in t h , the fracture surface undergoes the following changes. (1) The fracture surface is not covered with liquid Ga even when the stressstrain curve shows significant embrittlement, and (2) a small-grain layer forms at the Gacoated surface. These changes suggest that Ga is transformed from the liquid state to the small-grain layer. The results of X-ray spectroscopy of the surface layer (Fig. 7) suggest that this small-grain layer contains the intermetallic ¦ A phase. The thickness of the small-grain layer increases with increase in t h until ductility is recovered (Fig. 5) . From the crystallographic data reported by Zhang et al., 14) 10 mg of Ga forms a ³150 µm thick ¦ A phase, which is consistent with the maximum thickness observed. Ductility recovery is considered to occur when all the liquid Ga is converted into the intermetallic compound. This is supported by the fact that ductility is recovered in a shorter time when a smaller quantity of Ga is used (Fig. 3(d) ).
The specimen remains embrittled when only the superficial Ga is removed, whereas the specimen becomes ductile when the entire small-grain layer is removed (Fig. 6 ). This result suggests that before the complete formation of the ¦ A phase, liquid Ga exists not only on the surface of the specimen but also in this small-grain layer.
The process of the formation of the small-grain layer is yet to be fully understood. The diffusion constant of Ga atoms in Ag has been estimated in the temperature range 8731213 K. If this is extrapolated to 308 and 573 K, the diffusion constant can be expected to take the values of 1.1 © 10 ¹32 m 2 ·s ¹1 and 6.2 © 10 ¹20 m 2 ·s ¹1 , respectively. These values are excessively small to describe the observed rate of formation of the small-grain layer. The thickness is proportional to the contact time; therefore, the formation of the ¦ A phase cannot be described by the simple diffusion of Ga atoms in solid Ag. Marinković and Simić reported the formation of intermetallic compounds between thin-film Ag and Ga at room temperature. 15) They proposed that the formation of the intermetallic compounds is caused by intermetallic diffusion and estimated the interdiffusion coefficient to be 4.4 © 10 ¹17 m 2 ·s ¹1 . However, this value is also excessively small to explain the thickness of the ¦ A phase layer formed at 308 K. The dissolution of Ag into liquid Ga by liquid-phase-assisted recrystallization 16 ) is a possible mechanism because the growth rate of the small-grain layer increases rapidly above 373 K, which corresponds to the significant increase in the solubility of Ag in liquid Ga. 11) Figure 6 shows that polycrystalline Ag is embrittled even when stressed after the removal of the superficial liquid Ga. Similar embrittlement has been reported to occur in the Al Ga pair, in which intergranular penetration of Ga atoms is important.
3) The penetration of Ga atoms into the grain boundaries of polycrystalline Ag at room temperature is slower than that into the grain boundaries of polycrystalline Al by at least three orders of magnitude. 10) After the complete removal of the small-grain layer, ductility of the specimen is 6 Stressstrain curves of the Ag specimens at 308 K. The specimens with 10 mg of Ga were held at 573 K for 1.8 ks before testing (a) with Ga on the surface, (b) after superficial Ga was removed using emery paper, (c) after about half of the small-grain layer was removed, and (d) after all the small-grain layer was removed. For comparison, the stressstrain curve of the Ag specimen without Ga is also shown. Fig. 7 X-ray diffraction pattern of the Ag surface covered with Ga. The specimen was kept in a furnace at 473 K for 24 h. The Cu K¡ radiation was used. The X-ray diffraction pattern of the intermetallic ¦A phase 14) is also shown for comparison. recovered; therefore, in the present case, the grain-boundary penetration of liquid Ga has a negligible effect on the embrittlement. At higher temperatures, the penetration rate can be expected to increase and intergranular penetration might become more important.
Recovery from LME has been reported for a few LME pairs. In the case of AlGa, the Al specimen becomes ductile if it is maintained above 320 K for several tens of hours, depending on the amount of Ga. An intermetallic compound phase does not exist between Al and Ga, and the recovery occurs as Ga atoms at the grain boundaries diffuse into the grains. 17) Beal et al. 18, 19) studied the embrittlement of steel by liquid Zn at 1020 K, and suggest that the formation of an intermetallic compound induces recovery from LME. In the AgGa system, recovery from LME is also induced by the formation of an intermetallic compound. However, in this system, we have shown that the formation of the intermetallic compound and recovery of ductility can occur even at ambient temperatures.
Conclusions
The present investigation shows that the embrittlement of polycrystalline Ag by liquid Ga is transitory. The duration of embrittlement is shortened when the specimen is maintained at higher temperatures and/or when the amount of Ga on the surface is decreased. The recovery of ductility may be induced by the loss of liquid Ga because of the formation of an intermetallic GaAg compound.
